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AbstractRecent research works have shown that the magnetic order in some antiferromagneticmaterials can be manipulated and detected electrically, due to two physical mechanisms:Néel-order spin-orbit torques and anisotropic magnetoresistance. While theseobservations open up opportunities to use antiferromagnets for magnetic memory devices,different physical characterization methods are required for a better understanding ofthose mechanisms. Here we report a magnetic field induced rotation of theantiferromagnetic Néel vector in epitaxial tetragonal CuMnAs thin films. Using soft x-raymagnetic linear dichroism spectroscopy, x-ray photoemission electron microscopy,integral magnetometry and magneto-transport methods, we demonstrate spin-flop
2switching and continuous spin reorientation in antiferromagnetic films with uniaxial andbiaxial magnetic anisotropies, respectively. From field-dependent measurements of themagnetization and magnetoresistance, we obtain key material parameters including theanisotropic magnetoresistance coefficients, magnetocrystalline anisotropy, spin-flop andexchange fields.
In antiferromagnetic (AF) materials, the atomic magnetic moments alternate indirection to produce zero net magnetization. The consequent absence of magnetic strayfields and relative insensitivity to external fields offer advantages for certain memoryapplications [1,2], but pose a challenge for the writing and reading of information. Recentworks have shown that electric currents can be used to rotate the AF spin axis incrystalline materials, including CuMnAs and Mn2Au, where the spin sublattices are space-inversion partners [3–10]. The spin rotation results in an anisotropic magnetoresistance(AMR) effect where the resistance depends on the relative orientation of the spin axis andcurrent direction.A collinear antiferromagnet is characterized by a Néel vector L = (m1−m2), where m1and m2 are the magnetizations of each spin sublattice. An external magnetic field H appliedperpendicular to L competes against the strong internal exchange field He which couplesthe sublattices. As a result, a canting of the magnetic moments into the field directionoccurs, resulting in a small net magnetization M = (m1 + m2) when H≪He. A moresignificant reorientation occurs at the so-called spin-flop transition, from an AF state with
L aligned parallel to the external field, to a state with L perpendicular, but with individualmoments canted into the field direction. This is detected as a step-like increase in themagnetic susceptibility in bulk materials with uniaxial anisotropy, but is hard to detect in
3thin films due to the typically very small canting angle leading to a very weak magneticsignal.AMR in antiferromagnets has been explored only recently [11–21]. In hexagonal MnTefilms, a cos2θ dependence on the angle θ between the current and the external field wasdemonstrated, due to spin-flop rotation of the Néel vector [15]. Studies of the canted AFsemiconductor Sr2IrO4 have shown a crystalline contribution to AMR, with four-foldsymmetry, originating from changes in the equilibrium electronic structure induced by therotation of the magnetic moments [17,18,20]. In the case of the collinear antiferromagnetCuMnAs, understanding of the anisotropic magnetoresistance and magnetic anisotropy iscrucially important for the design of memory devices based on the reorientation of theNéel vector and interpretation of their electrical readout signal. Moreover, due to thepredicted dependence of the electronic band structure on Néel vector orientation inCuMnAs and related materials [7,21], a significant crystalline AMR effect may be expected,
i.e. a dependence of the electrical resistance on the directions of the current and the Néelvector with respect to crystalline symmetry [16].Here, we demonstrate magnetic field induced spin rotation and spin-flop behaviour intetragonal CuMnAs films, using x-ray magnetic linear dichroism (XMLD) spectroscopy aswell as integral magnetometry. XMLD is the dependence of the x-ray absorption cross-section on the relative orientation of the x-ray linear polarisation and the spin axis [22].Unlike x-ray magnetic circular dichroism (XMCD), XMLD is an even function of themagnetic moment and can be detected equally in ferromagnets and antiferromagnets, andis widely used for AF domain imaging [23,24,5,6]. We show that the signature of the spinflop or spin reorientation can also be detected electrically via the crystalline and non-
4crystalline contributions to the AMR in this material, of importance for interpreting andoptimizing the electrical readout in AF memory devices.
Results
Sample growth and magnetic characterizationThe tetragonal CuMnAs films, with thickness between 10 nm and 50 nm, were grown onGaP(001) substrates using molecular beam epitaxy. CuMnAs is lattice-matched to GaPthrough a 45° rotation, such that the CuMnAs [100] axis is aligned with the GaP [110] [25].
For thin (≤ 20 nm) CuMnAs / GaP(001) layers, a uniaxial in-plane easy axis along the substrate [110] direction has been demonstrated [26, 27], similar to well-knownferromagnet / III-V systems such as Fe/GaAs(001) [28]. Thicker films show a biaxial AFdomain structure with easy axes along the CuMnAs [110] and [110] axes [6].The samples showed negligible XMCD even at the highest field applied of 6 T, indicatingvery small canting of the magnetic moments due to their strong AF coupling. XMLDmeasurements were performed with the x-ray beam and the external magnetic field bothat 15° to the plane of the film (see Fig. 1a, inset), with the x-ray linear polarisation alongthe CuMnAs [010] in-plane direction (i.e., the substrate [110] direction). The Mn L2,3 edgeabsorption spectra for a 20 nm CuMnAs film are shown in Fig. 1a. A significant difference isobserved between spectra obtained at low and high external magnetic fields, as shown bythe difference spectrum in Fig. 1a.The difference spectrum in Fig. 1a is of comparable magnitude, relative to theabsorption edge, to the XMLD spectrum previously observed in ferromagnetic Mncompounds [29, 30]. Also, comparable spectra are observed when the absorption is
5detected with both total electron yield (probing depth ∼ 3 nm) and fluorescence yield (probing depth > 10 nm), ruling out a pure surface effect. Fig.1b,c shows the field-dependence of the XMLD signal, defined here as the peak-to-peak of the difference betweenspectra obtained in a magnetic field and in zero field. Distinct behaviours are observed for20 nm and 50 nm thick CuMnAs films. For 20 nm CuMnAs, the XMLD signal shows a sharp
Fig. 1| Demonstration of spin-reorientation in antiferromagnetic CuMnAs using
XMLD. a, Mn L2,3 x-ray absorption spectra for 20 nm CuMnAs, in zero field (blue), 6 Tfield (red), and the difference (black), at 200 K. The x-ray incidence k and externalmagnetic field H are at 15° to the sample surface, while the x-ray linear polarisation Eis along the CuMnAs [010] in-plane axis, as illustrated in the inset. The CuMnAs [100]axis is projected along the beam direction. b,c, XMLD signal versus magnetic field for
b, 20 nm and c, 50 nm CuMnAs films. Blue squares and orange circles are for the in-plane projection of the field, Hx, along the [100] and [010] axes, respectively.
6onset at around 1.5 T and a plateau at around 2.5 T for magnetic field projected along the[100] direction, while negligible XMLD is observed for field projected along the [010]direction. For the 50 nm film, similar behaviour is seen for both [100] and [010] directions,with an initial quadratic rise followed by saturation for fields above around 2 T.The observed behaviour is consistent with the Néel vector reorientation expected for asystem with competing uniaxial and biaxial magnetic anisotropies. For the thinner filmwith dominant uniaxial anisotropy, the L vector undergoes a spin-flop transition into anaxis perpendicular to the applied magnetic field. In this experimental geometry, L isperpendicular to the x-ray polarisation at low fields, and parallel to it at high fields,resulting in a spectral change due to XMLD. For the thicker film, biaxial magneticanisotropy is dominant, resulting in a so-called continuous spin-flop transition [31] as the
L vector rotates continuously into an axis perpendicular to the external field.The XMLD hysteresis loop for a 10 nm CuMnAs film is shown in Fig. 2a. At high magneticfields, the XMLD signal is symmetric with respect to the field, as expected from itsdependence on the square of the sublattice magnetic moment [22]. The hysteresisbehaviour observed in the vicinity of the spin-flop transition indicates the formation ofmultidomain states in the thin CuMnAs film [32].To further confirm and quantify the spin-flop behaviour, the field dependence of themagnetization M(H) along the uniaxial easy axis of a 10 nm CuMnAs film was determinedusing superconducting quantum interference device (SQUID) magnetometry [33]. In situcompensation of the much larger magnetic response of the GaP substrate was performedusing the method described in ref. [34] (see Methods). The results (Fig. 2b) indicate amagnetization due to the spin canting of (2.0 ± 0.5) emu/cm3 under 2 T field, where theuncertainty mostly arises from the subtraction of the substrate background signal. Using
7the local magnetic moment of (3.6±0.2) µB per Mn atom in tetragonal CuMnAs obtainedfrom neutron diffraction [25], this corresponds to a canting angle of around 0.1-0.2°. Fromthis the exchange field can be estimated to be µ0He = (700±200) T. The spin-flop field µ0Hsf
≈ 2 T therefore corresponds to a magnetic anisotropy field of the order of Hsf2 /He ≈ 5 mT.
Fig. 2| XMLD, SQUID hysteresis loops and remnant domain states. a, XMLDhysteresis loop for a 10 nm CuMnAs film at 200 K. b, SQUID hysteresis loop for a 10 nmCuMnAs film at 2 K, after removal of the substrate diamagnetic signal. c, d, XPEEMimages, with 30 µm field-of-view, of the antiferromagnetic domain structure in a 50 nmCuMnAs film at room temperature. The sample is at remanence after applying 7 Tmagnetic fields in the directions B1 and B2 shown in the inset. Dark / light domainscorrespond to a Néel vector parallel / perpendicular to the x-ray polarisation, which isalong the CuMnAs [110] axis.
8Figure 2(c,d) show images of the antiferromagnetic domain configuration in a 50 nmCuMnAs film obtained using x-ray photoemission electron microscopy, in remanence afterapplying 7 T magnetic fields at approximately 15° from the CuMnAs [110] (Fig. 2c) and[110] (Fig. 2d) biaxial easy axes. In both cases, the film is in a multidomain state afterremoving the external magnetic field, with a domain structure which is consistent withprevious observations of similar CuMnAs films [6]. Similar features can be identified ineach image, albeit with a significant remnant effect, i.e. a preponderance of light domains inFig. 2c and dark domains in Fig. 2d. This indicates that the magnetization process in thebiaxial CuMnAs films proceeds through Néel vector reorientation within the multipledomains as well as domain wall motion.
Anisotropic magnetoresistance due to antiferromagnetic spin reorientationFigure 3 shows DC magnetotransport measurements for a 10 nm thick CuMnAs film at 4K, for devices with current channels along the [100], [010], [110] and [110] crystallinedirections. The magnetic fields were applied in the plane of the film at an angle θ to thecurrent direction. Figure 3a,b shows the normalized longitudinal component of theresistivity tensor ((Rxx−Rxx(H = 0))/Rxx(H = 0), where Rxx is the longitudinal resistance) as afunction of magnetic field. A step-like change in the resistance is observed between 1 T and2 T for fields applied along the easy axis (Fig. 3a), while a much weaker magnetoresistanceis observed for field perpendicular to the easy axis (Fig. 3b).Figure 3c,d shows the normalized transverse component of the resistivity tensor ((Rxy − 
Rxy(H = 0))/Rsq, where Rsq is the sheet resistance of ≈ 20 Ω per square at zero field). Again, a step-like change is observed for field applied along the easy axis. For the longitudinal andtransverse resistances, the step-like behaviour is observed for current parallel /
9perpendicular and at 45° / 225° to the magnetic field, respectively. This is consistent withthe standard phenomenology of AMR [35]. Including terms dependent on the crystallineanisotropy in a single crystal with twofold and fourfold symmetry components, thelongitudinal and transverse components of AMR can be written [36]:
AMRxx = (Rxx − Rave)/Rave= CI cos(2φ) + CU cos(2ψ)+ CC cos(4ψ) + CIC cos(4ψ − 2φ) (1)
AMRxy = Rxy/Rsq = CI sin(2φ) − CIC sin(4ψ − 2φ) (2)
Fig. 3| Anisotropic Magnetoresistance due to spin flop in 10 nm thick CuMnAs.
a,b, Longitudinal and c,d, transverse with magnetic field applied along the [100](a,c) and [010] (b,d) crystal axes, for various current directions, at sampletemperature of 4 K.
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where φ and ψ are the angles of the magnetization (for a ferromagnet) or the Néel vector(for an AF material) with respect to the current direction and the [100] crystalline axis,respectively. Rave is the longitudinal resistance averaged over a full rotation in the plane ofthe film. CI, CU, CC and CIC are phenomenological AMR coefficients corresponding to a non-crystalline term, twofold and fourfold crystalline terms, and a crossed crystalline /non-crystalline term, respectively.
Fig. 4| Temperature-dependence of the antiferromagnetic AMR. Longitudinalmagnetoresistances at 2 K, 100 K, 200 K and 300 K for 20 nm CuMnAs (a-d) and50 nm CuMnAs (e-h). The current is along the [100] and the magnetic field isapplied along the [100] (blue squares) and [010] (red circles) directions.
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The longitudinal magnetoresistance for 20 nm and 50 nm CuMnAs films at varioustemperatures are shown in Fig. 4, for current along the [100] and magnetic fields along the[100] and [010] directions. Uniaxial spin-flop behaviour and continuous spin reorientationare observed for the 20 nm and the 50 nm films respectively, consistent with the XMLDfield dependence shown in Fig. 1b,c. For the 20 nm film, with decreasing temperature, thespin-flop field decreases and a small negative magnetoresistance is observed for field along[010]. This indicates an increasing importance of the biaxial magnetic anisotropy withdecreasing temperature, consistent with the expected strong dependence of biaxialanisotropy fields on sublattice magnetization [37].The longitudinal resistance versus angle θ is shown in Fig. 5a, for a 10 nm CuMnAs filmat 4 K with magnetic fields comparable or smaller than Hsf. The current is along the [010]direction. With decreasing external field, the oscillations in the resistance become smallerand more anharmonic. This can be ascribed to the increasing importance of the magneticanisotropy, resulting in the Néel vector only partially reorienting from its zerofielddirection. The observed behaviour can be simulated within a simple single-domain modelincluding a uniaxial magnetic anisotropy. This simplified model agrees well with theobserved dependence on both the magnitude and direction of the external magnetic field,including the appearance of additional features in the angle-dependence for µ0H =1 T, asshown in Fig. 5b.At higher fields, the longitudinal resistance follows a cos2θ dependence, as expectedfrom equation (1) with CI, CU, CIC≫CC when the Néel vector aligns fully perpendicular to thefield (i.e., φ = θ). However, as shown in Fig. 5c,d for 10 nm and 50 nm films, the observed
Rxx(θ) depends strongly on the direction of the current, demonstrating the importance of
12
the crystalline contributions to the AMR. For currents along the [110] and [110] directions,
Fig. 5. Rotational AMR in CuMnAs. a, Resistance vs. angle θ between themagnetic field and current directions for 10 nm CuMnAs, with current alongthe [010] direction and magnetic fields of magnitude 1.0 T, 1.5 T, 2.0 T and 3.0T at 4 K. b, Calculated anisotropic magnetoresistance for a uniaxialantiferromagnet with a Gaussian distribution of spin-flop fields centred on 1.6T. c,d Resistance vs. for 10nm CuMnAs (c) and 50 nm CuMnAs (d), withcurrent along the [100], [010], [110] and [110] crystal directions, magneticfield of magnitude 5 T at 4 K. The lines in c and d are fits as described in thetext.
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the crystalline contributions to the AMR. For currents along the [110] and [110] directions,the AMR is much reduced and for the 10 nm film is phase shifted by around ±25°. By fittingthe field rotation data we obtain the AMR coefficients CI = (4.1 ± 0.1) × 10−4, CU = (1.0 ± 0.2)× 10−4 and CIC = (3.5 ± 0.1) × 10−4 for the 10 nm film, and CI = (8.3 ± 0.1) × 10−4, CU ≈ 0 and CIC= (6.2 ± 0.1) × 10−4 for the 50 nm film. In both cases the CIC term is comparable inmagnitude to the CI term. Therefore, these two terms largely cancel each other out forcurrent along the [110] and [110] directions, and the AMR is strongly suppressed. The non-negligible uniaxial term CU for the 10 nm film accounts for the difference in the AMRmagnitude between the [100] and [010] current directions, and the phase shift for the[110] and [110] directions. It is likely that this uniaxial crystalline AMR has the same originas the uniaxial magnetic anisotropy giving rise to the spin flop, e.g. anisotropic growthinitiated at the III-V semiconductor surface.The magnetoresistance at higher magnetic fields is shown in Fig. 6(a-c), for a 10 nmCuMnAs film at 4 K. In addition to the AMR, a positive magnetoresistance is observed for alldirections of magnetic field and current. Moreover, the highest resistance occurs when thecurrent and the magnetic field are perpendicular at high fields. This is opposite to the caseat low fields where the highest resistance is when the field and current are coaxial. Weascribe the high field behaviour to a geometrical magnetoresistance effect, not directlyrelated to the magnetic order, which is commonly observed in thin conducting films [38].Field rotation measurements at the crossover between low-field and high-field regimes,shown in Fig. 6d, indicate a weak AMR with a dominant fourfold symmetry. For therotation data at 5 T (Fig. 5c), the fourfold AMR term CC could not be distinguished due tothe much larger two-fold AMR terms (see eq. 1). In the crossover regime (Fig. 6d), the
14
twofold AMR terms are nearly cancelled by the geometrical magnetoresistance effect. Theremaining fourfold AMR has resistance minima for magnetic fields along the <110>crystalline axes.
Fig. 6. Magnetoresistance and fourfold crystalline AMR in high magnetic fields.
a,b, Magnetoresistance for 10 nm CuMnAs under high magnetic fields at 4 K, for currentalong the [100] and [010] directions, and applied magnetic field perpendicular andparallel to the current. c, Difference between the magnetoresistances for parallel andperpendicular orientations of current and magnetic field, for currents along the [100]and [010] directions. d, Angle dependence of resistance for current along [010] at 13 T(squares) and for current along [100] at 14 T (circles). The lines are fits of the form(acos2θ + bcos4θ) with a and b as fit parameters.
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DiscussionThe magnetotransport effects shown in Figs. 3 to 6 provide a practical experimental toolfor the determination of spin reorientation in antiferromagnetic domains and magneticanisotropies in thin CuMnAs AF films. They also provide a direct measurement of the AMRcoefficients and point to the importance of crystalline AMR terms in these epitaxial AFmaterials. The measured AMR corresponds to a fraction of a percent of the sheetresistance, comparable to the size of the electrical readout signals observed in the firstdemonstrations of current-induced switching in CuMnAs microdevices [4–6].More recently, resistive signals of the order of 10-100 percent have been observed inthe same CuMnAs films as used in the present study. These signals are switchable withunipolar current pulses or polarisation-independent optical pulses, even in magnetic fieldsmuch larger than Hsf [39]. The present study provides confirmation that the large switchingsignals are not linked to a net reorientation of the Néel vector and the corresponding AMR.A recent magnetostatic imaging study has instead linked the large unipolar switchingsignal to a current-induced fragmentation to nanoscale AF domain textures, andsubsequent relaxation towards an equilibrium domain configuration [40]. In principle,however, so far unidentified structural effects may also contribute or even govern theselarge effects. Future systematic experiments in magnetic field might, therefore, not onlycontribute to our understanding of the current-induced Néel vector switching and AMR butalso of these high-resistive switching signals in CuMnAs.
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Methods
Sample preparation. The 10, 20, 50nm CuMnAs films were grown by molecular beamepitaxy on a GaP buffered GaP(001) substrate, and capped with a 2.5 nm Al layer toprevent the surface oxidation. In-situ reflection high energy electron diffractionmeasurements confirmed the tetragonal structure of the layer, with the epitaxialrelationship CuMnAs(001)[100]||GaP(001)[110]. The crystallographic axes described inthe main text correspond to those of the CuMnAs film. Hall bars (200µm long by 100µmwide) along 4 different in-plane crystal directions and eight arms cross structures (10µmwide) have been fabricated by standard photolithography and wet etching, with electricalcontacts made by wire-bonding to Cr/Au pads.
XMLD spectroscopy. The XMLD measurements were performed on beamline I06-1 atDiamond Light Source, using linearly polarized X-rays. An up to 6T external magnetic fieldwas applied parallel to the beam direction.
Antiferromagnetc domain imaging. The XPEEM measurements were performed onbeamline I06 at Diamond Light Source, using linearly polarized X-rays. The images wereobtained at room temperature in zero magnetic field. Magnetic contrast with
approximately 30 nm spatial resolution was obtained from the asymmetry in the absorption signal at the peak and the minimum of the Mn L3 XMLD spectrum. The samplewas removed from the XPEEM chamber between each measurement, and placed in anelectromagnet where the 7 T magnetic field was applied. Etched alignment marks (visible
17
on the top-right of the image in Fig. 2d) ensured that the images were taken from the samearea of the film.
SQUID Magnetometry measurements. The SQUID measurements were performed on a5.4 mm by 5.4 mm sample at 2 K using a Quantum Design MPMS system. To in situcompensate the much larger magnetic response of the GaP substrate, the sample wasmounted between two abutting 8 cm long strips cut from another (equivalent) 2” GaPwafer, and careful calibration procedures were performed [34]. The compensationalsample holder assembled for these measurements is presented in Fig. 4d in ref. [34].
Magneto-transport measurements. The measurements were performed in a variable-temperature cryostat system with up to 30T external magnetic field applied. Thelongitudinal and transverse resistances of the devices were measured using dc currentswith typical amplitude of 1mA (30 times smaller than the current density which can switchthe magnetic state of CuMnAs).
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